Transmission of leptospirosis occurs through contact of mucous membranes and abraded skin with freshwater contaminated by pathogenic Leptospira spp. Exposure to physiological osmolarity induces leptospires to express high levels of the Lig surface proteins containing imperfect immunoglobulin-like repeats that are shared or differ between LigA and LigB. We report that osmotic induction of Lig is accompanied by 1.6-to 2.5-fold increases in leptospiral adhesion to immobilized extracellular matrix and plasma proteins, including collagens I and IV, laminin, and especially fibronectin and fibrinogen. Recombinant LigA-unique and LigBunique repeat proteins bind to these same host ligands. We found that the avidity of LigB in binding fibronectin is comparable to that of the Staphylococcus aureus FnBPA D repeats. Both LigA-and LigB-unique repeats interact with the amino-terminal fibrin-and gelatin-binding domains of fibronectin, which are also recognized by fibronectin-binding proteins mediating the adhesion of other microbial pathogens. In contrast, repeats common to both LigA and LigB do not bind these host proteins, and nonrepeat sequences in the carboxyterminal domain of LigB show only weak interaction with fibronectin and fibrinogen. A functional role for the binding activity of LigA and LigB is suggested by the ability of the recombinants to inhibit leptospiral adhesion to fibronectin by 28% and 21%, respectively. The binding of LigA and LigB to multiple ligands present in different tissues suggests that these adhesins may be involved in the initial colonization and dissemination stages of leptospirosis. The characterization of the Lig adhesin function should aid the design of Lig-based vaccines and serodiagnostic tests.
Leptospirosis is a zoonotic disease caused by pathogenic strains of the Leptospira spirochete (35) . It occurs worldwide, affecting accidental hosts, such as livestock, companion animals, and people, with mild to fatal sequelae (3) . The susceptible population includes inhabitants of impoverished urban areas and flood-prone regions of developing countries, farmers, and even adventure athletes (42) . The transmission of leptospirosis involves a Leptospira life cycle that has been adapted to include mammalian reservoir hosts, such as the rat, in which the spirochetes colonize the kidneys, from which infective organisms are shed in the urine (3) . Susceptible hosts are infected via contact with contaminated water by dermal abrasions, mucous membranes, and conjunctivae (17, 58) . Current vaccines against leptospirosis target the lipopolysaccharide coat of leptospires, which is highly variable for the Ͼ200 serovars identified, thus limiting cross-protection (35) . To overcome the obstacle of serologic variability, it is of interest to identify antigenically conserved surface constituents that would serve as broader vaccine targets. In addition, the characterization of leptospiral components contributing to pathogenesis would aid in the development of improved diagnostic strategies.
LigA and LigB, encoded by separate genes, are members of the family of bacterial proteins containing immunoglobulinlike repeats that have been identified in adhesins relevant to microbial pathogenesis, such as intimin in Escherichia coli and invasin in Yersinia pseudotuberculosis (22, 24, 39, 46) . The Lig proteins are expressed only on the surfaces of leptospiral pathogens isolated from infected animals and not by saprophytic Leptospira species (39) . Differential Lig expression is recapitulated in culture: Lig is present in low-passage-number growth of infective organisms but is absent in highly passaged, culture-attenuated leptospires that have lost virulence in a hamster model of leptospirosis (39) . Moreover, we have recently shown that Lig expression in pathogenic Leptospira is induced by a change in the osmolarity of the culture medium that mimics the transition that the bacteria might encounter upon entry into a mammalian host (40) . In addition, sera from patients recovering from leptospirosis contain antibodies to Lig proteins, confirming their expression by infectious spirochetes (39, 46) . Thus, the Lig proteins appear to be closely associated with infection of the mammalian host, suggesting that they may be protective immunogens. Indeed, recent studies have demonstrated that recombinant forms of Lig serve as effective vaccines in animal models (31, 47) .
Their structural resemblance to known adhesins and close association with virulence suggest that the Lig proteins may be MSCRAMMs (microbial surface components recognizing adhesive matrix molecules), an important category of bacterial proteins involved in the colonization of host tissue (50) . Several adhesins that bind host extracellular matrix proteins have been identified in pathogenic spirochetes. Fibronectin-binding proteins include BBK32 in Borrelia burgdorferi (52, 53) , a Bor-relia garinii protein (32), a 36-kDa protein in Leptospira interrogans serovar Icterohaemorrhagiae (43) , and several proteins in Treponema spp., including Msp and OppA in Treponema denticola and Tp0155 and Tp0483 in Treponema pallidum (6, 10) . Treponemes also have several collagen-binding proteins, including Msp in T. denticola, as well as laminin-binding proteins, such as Msp in T. denticola and Tp0751 in T. pallidum (5, 10) . Lsa24 in L. interrogans serovar Copenhageni has recently been characterized as a laminin-binding protein (2) . This leptospiral adhesin was previously identified as LfhA, a factor H-binding protein in pathogenic L. interrogans (66) . In B. burgdorferi, there are the decorin-binding MSCRAMMs DbpA and DbpB (15) . Early studies reported an association between virulence and the adhesion of Leptospira to extracellular matrix proteins (23) . In the current study, we show that the physiological osmotic induction of Lig is accompanied by increased adhesion of live leptospires to fibronectin, fibrinogen, collagen, and laminin, which are some of the host proteins that might be encountered upon entry at an infection site, in transit through the bloodstream, and during invasion of tissue. Furthermore, we show that LigA and LigB are indeed adhesins binding extracellular matrix proteins and fibrinogen and are thus considered to be Leptospira MSCRAMMs involved in interaction with a host. Our results suggest that vaccines targeting the Lig adhesins common to pathogenic Leptospira species could potentially provide effective protection for humans, pets, and livestock susceptible to leptospirosis.
MATERIALS AND METHODS
Bacterial strains and culture. Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130 was isolated from a patient in Salvador, Brazil (30) . Virulent leptospires isolated from infected golden Syrian hamsters were grown in Ellinghausen-McCullough-Johnson-Harris (EMJH) medium supplemented with 1% rabbit serum and 100 g/ml 5-fluorouracil at 30°C (27) . Induction by physiological osmolarity was done overnight starting at mid-log-phase growth in EMJH supplemented with 120 mM NaCl. A portion of the mid-log-phase culture was also grown overnight to obtain noninduced cells. Cells were harvested by centrifugation at 7,600 ϫ g and 4°C for 10 min, washed, and resuspended in serum-free EMJH without added salt.
Immunoblot analysis. About 1 ϫ 10 9 leptospires were collected from 1 ml of noninduced and induced cultures by brief centrifugation and were frozen until use. Cellular protein was solubilized, resolved by reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10% acrylamide), immunoblotted, and probed with a rabbit antiserum specific for LigA and LigB (39) , which were both visualized with a horseradish peroxidase-conjugated donkey antibody against rabbit immunoglobulin G (IgG; GE Healthcare) and photographic capture of chemiluminescence.
Leptospire-binding ELISA. High-binding microtiter wells (Costar) were coated overnight at 4°C with 1 g of either human plasma fibronectin (SigmaAldrich), affinity-purified human fibrinogen (Aniara), bovine collagen type I (Sigma-Aldrich), human collagen type IV (Sigma-Aldrich), murine laminin (Sigma-Aldrich), or bovine serum albumin (BSA; Serologicals) in 0.1 ml phosphatebuffered saline (PBS), pH 7.2. Briefly, a standard enzyme-linked immunosorbent assay (ELISA) was done by blocking nonspecific binding sites with 2% BSA in PBS; incubating resuspended leptospires (1 ϫ 10 8 to 3 ϫ 10 8 ) in 0.1 ml serumfree EMJH at 30°C for 1 h; removing unattached bacteria with three serum-free EMJH washes; fixing the adherent spirochetes with methanol at 4°C for 10 min (or 4% paraformaldehyde at room temperature for 1 h for detection of Lig on cell surfaces); probing with a rabbit antiserum against LipL32, a noninduced leptospiral protein (16) , or against LigA and LigB; developing with a horseradish peroxidase-conjugated monoclonal antibody against rabbit IgG (Sigma-Aldrich) and a tetramethyl benzidine substrate (Pierce); and performing spectrophotometry at 450 nm. In assays measuring the effect on leptospire adhesion of prebinding fibronectin with recombinant Lig proteins, 0.5 to 1 M Lig in 0.1 ml PBS (found to be saturating amounts in Lig-binding ELISAs) was incubated at 37°C for 1 h before washing with PBS to remove unbound Lig, followed by the addition of cells. The prebound Lig remained stable throughout the procedure for incubation with cells and washes to remove unattached bacteria.
Lig-binding ELISA. The Lig protein-binding ELISA was done like the leptospire-fibronectin binding assay, except that unbound Lig was removed with PBS washes and there was no fixing step before probing with an anti-His tag monoclonal antibody (Novagen) and developing with horseradish peroxidase-conjugated anti-mouse IgG (Novagen). In assays for fibronectin domain binding, the wells were coated with proteolytic fragments of human plasma fibronectin: the 30-kDa N-terminal domain (NTD) (Sigma-Aldrich), the 45-kDa gelatin-binding domain (GBD) (Sigma-Aldrich), and a 70-kDa protein (Sigma-Aldrich) comprising both domains. Equivalent results were obtained with 1 and 10 g of each fibronectin fragment. Coating with Matrigel (BD Biosciences) was done with 100 g in 0.1 ml PBS. The apparent K d for saturation binding was estimated with the half-maximal binding concentration of Lig protein.
Lig subcloning and purification of recombinant proteins. In dividing LigA and LigB for subcloning, the strategy was to minimize the potential disruption of structure and function by keeping the immunoglobulin-like repeats intact and, for fragments ending with a repeat, to also include the short sequence that links it to the next repeat (for the amino acid coordinates, see Results). In the absence of repeat sequences as a guide, the LigB carboxy-terminal domain (CTD) was inspected with Lasergene software (DNASTAR) for junctions predicted to produce turns in the molecule. Lig sequences in low-passage-number L. interrogans genomic DNA were amplified with a high-fidelity enzyme, Phusion DNA polymerase (New England Biolabs), using the PCR primers listed in Table 1 . The PCR products were inserted at the NdeI site and either the HindIII or the XhoI site of pET20b(ϩ) (Novagen), which added a six-histidine carboxy tail to the recombinant proteins. The fibronectin-binding region of FnBPA containing the first three D repeats (amino acids 743 to 862) was cloned with a His tag tail from Staphylococcus aureus strain 8325-4 genomic DNA (26) with the forward and reverse primers shown in Table 1 for insertion at the BamHI and XhoI sites in pGEX-4T-3 (GE Healthcare).
Overexpression of the recombinant proteins in mid-log-phase cultures of Escherichia coli BLR(DE3)pLysS transformants was induced with 1 mM isopropyl ␤-D-thiogalactopyranoside at 30°C for 1 to 2 h. Cellular protein was solubilized with BugBuster (Novagen), and the His-tagged recombinants were purified by nickel affinity chromatography (nickel-nitriloacetic acid agarose [QIAGEN] or nickel-iminodiacetic acid cellulose cartridges [Novagen] ) and eluted with a buffer of 20 mM Tris-HCl, 100 mM NaCl, 500 mM imidazole, and 20% glycerol (pH 7.9). The recombinant proteins were checked for purity and integrity by SDS-PAGE with Coomassie staining and immunoblotting and were stored in PBS or elution buffer at 4°C. Protein levels were estimated by the bicinchoninic acid assay (Pierce) or by absorbance at 280 nm using the extinction coefficients calculated for the recombinants by Lasergene software (DNASTAR). The possible effect on the ELISA of any carryover of proprietary detergents in BugBuster during protein purification was tested, and none was found.
RESULTS
Physiological osmolarity induces leptospiral adhesion. The expression of LigA and LigB by pathogenic Leptospira increases strongly when the osmotic strength of the EMJH culture medium (67 mosmol/liter) is raised severalfold by salt supplementation to a physiological level (ϳ300 mosmol/liter) that infectious spirochetes would encounter in a mammalian host (40) . The salt-induced leptospires retained viability and motility when observed by dark-field microscopy. Figure 1 shows the immunoblot analysis of LigA and LigB in low-passage-number cultures of L. interrogans Fiocruz L1-130 used in three independent experiments reported in the current study, demonstrating the consistent elevation from virtually no expression to strong expression of Lig proteins under the conditions of osmotic induction used. Only the cell-associated Lig is shown here; a large amount of LigA is also released from leptospires upon induction (40) . The increase in Lig levels on the surface of induced cells is also evident in an ELISA using a rabbit anti-Lig antiserum (data not shown).
The osmotic induction of Lig expression is accompanied by enhanced adhesion of live leptospires to fibronectin and other host proteins. In the representative experiment for which results are shown in Fig. 2 , noninduced Leptospira grown overnight in EMJH adhered to fibronectin, fibrinogen, collagen type IV, and laminin immobilized in microtiter wells. More leptospires attached to fibronectin than to fibrinogen (48% of the level with fibronectin minus the background without cells), collagen type IV (59%), and laminin (29%). When leptospires were grown under conditions of physiological osmolarity, they bound to fibronectin on average 1.9 times as much as bacteria cultured in EMJH without a salt supplement. The range of induction in seven different experiments was 1.6-to 2.5-fold (P Ͻ 0.01 for all two-sample FIG. 1. Osmotic induction of Lig expression. Total protein of ϳ1 ϫ 10 8 leptospires recovered from overnight cultures of low-passage-number Leptospira interrogans Fiocruz L1-130 grown in standard EMJH medium (odd-numbered lanes) or induced with physiological osmolarity in EMJH plus 120 mM NaCl (even-numbered lanes) was resolved by SDS-10% PAGE and analyzed by immunoblotting. LigA and LigB were detected with a Lig-specific rabbit antiserum. For reference, a noninduced protein, LipL41, was also assayed. The results from three independent experiments shown here illustrate the uniformly strong induction of LigA and LigB expression in the cultures used in this study.
FIG. 2. Physiological osmolarity induces
Leptospira adhesion to host proteins. Leptospiral binding was measured by an ELISA using microtiter wells coated with 1 g of fibronectin (Fn), fibrinogen (Fg), collagen type IV (Col IV), or laminin (Lm). BSA was used to measure nonspecific adsorption of bacteria. Serum-free EMJH medium alone (no cells) or Leptospira interrogans Fiocruz L1-130 (3 ϫ 10 8 cells) grown overnight in EMJH alone (noninduced) or in EMJH plus 120 mM NaCl (induced) was added for 1 h at 30°C. Leptospires bound to host proteins were detected with a LipL32-specific antiserum and horseradish peroxidase conjugated to a secondary antibody. Adhesion to all four proteins was enhanced by increased osmolarity (P Ͻ 0.01 by Student's t test). Means and standard deviations from triplicate wells are shown. Fig. 3) (39, 46) . LigB also has a large nonrepeat CTD. The full-length recombinant proteins have limited solubility and are susceptible to proteolysis (data not shown). Therefore, representative putative structural domains of LigA and LigB were subcloned from low-passage-number L. interrogans Fiocruz L1-130 genomic DNA, expressed in E. coli, and purified by nickel affinity chromatography. The Lig proteins used in this study remain stable, soluble, and functional for months at 4°C.
LigA and LigB both share amino-proximal repeats 1 to 6, which are represented by the 29-kDa Lig1-3 recombinant protein, composed of repeats 1 to 3, and the 29-kDa Lig4-6 protein, containing repeats 4 to 6 (Table 1; Fig. 3 ). Lig1-3 starts with the first repeat at amino acid 52 and terminates with amino acid 311; Lig4-6 begins with the fourth repeat at residue 312 and ends at residue 581 (39, 46) . In LigA, the shared repeats are followed directly by the second half of the molecule, consisting of LigA-unique repeats 7 to 13. Recombinant LigA U (63 kDa) starts near the middle of repeat 7, where the sequence diverges from LigB at amino acid 631, and ends at amino acid 1224, the carboxy terminus of LigA, where a 12-residue tail follows the final repeat 13 (Table 1; Fig. 3) (39, 46) .
For LigB, we examined the repeats in the middle of the protein that differ from LigA in addition to the CTD. Both LigB U1 and U2 contain repeats 7 through 12 plus a portion of the CTD (Table 1; Fig. 3 ). The 52-kDa LigB U1 begins in the middle of repeat 7 at amino acid 631, runs to the end of repeat 12 at amino acid 1118, and terminates with a 7-residue segment of the CTD, amino acids 1119 to 1125 (39, 46) . LigB U2 (67 kDa) replicates LigB U1 and contains a larger, 139-amino-acid portion of the CTD, residues 1119 to 1257 (Table 1; Fig. 3) . In addition, we tested a separate region of the CTD, comprising the last 278 amino acids of LigB from residue 1613 to 1890, with the 32-kDa LigB CTD protein (Table 1; Fig. 3) .
Lig binds extracellular matrix proteins and fibrinogen. In an ELISA using immobilized extracellular matrix proteins and fibrinogen as test ligands, the unique repeats of LigA bound strongly to the matrix/plasma protein fibronectin (Fig. 4A) . (Fig.  4B) , LigA U showed weaker interactions with collagen types I and IV, binding almost equally to each (Fig. 4C ) and binding to laminin with even lower avidity (Fig. 4D) . LigA U also displayed concentration-dependent binding to Matrigel, a biologically active meshwork of extracellular matrix proteins, including fibronectin, as suggested by the binding of FnBPA (Fig. 4E) . In contrast, the repeats shared by LigA and B in Lig1-3 showed little interaction with the host proteins tested (Fig. 4A to E) .
The LigB-specific repeats have a binding profile similar to that of LigA U, indicating that both LigA and LigB are Leptospira MSCRAMMs induced by physiological osmolarity. LigB U1 and U2, containing repeats 7 to 12, bound fibronectin with similar or higher avidity than LigA U; the binding by LigB U1 was comparable to that by FnBPA (Fig. 4A) . The apparent K d s with LigB U1 and U2 are 72.6 Ϯ 11.7 nM and 132 Ϯ 18 nM, respectively. Whereas the unique repeats in LigB U1 also bound strongly to fibrinogen, with a K d of 87.1 Ϯ 2.4 nM, the additional 139-amino-acid nonrepeat CTD sequence in LigB U2 appeared to weaken the interaction with the plasma protein (K d , 269 Ϯ 24 nM) (Fig. 4B) . Table 2 compares the apparent K d s for saturation binding to fibronectin and fibrinogen by the Lig proteins. In terms of collagen and laminin binding, the LigB-specific repeats in LigB U1 displayed much stronger interaction than LigB U2 and LigA U (Fig. 4C and  D) . As with LigA U, both LigB proteins bound collagen types I and IV similarly, with LigB U1 showing high avidity. LigB U1 also bound laminin substantially, in contrast to the weak interaction of LigB U2 and LigA U with laminin. In summary, LigB U1 binds host proteins significantly more strongly than LigB U2 and LigA U, which have similar binding activities.
The LigB CTD protein, representing the C-terminal end of LigB, which contains neither shared nor unique repeats, bound weakly to fibronectin in comparison to LigA U and LigB U1 and 2 (Fig. 4A ). It displayed similarly low level binding with fibrinogen and virtually no activity with collagen and laminin (data not shown). Thus, the matrix and plasma protein-binding activities of LigA and LigB are attributed mainly to their Table 1 
LigA and LigB bind the F1 module-containing domains of fibronectin. The interaction of the unique repeats in LigA and
LigB with fibronectin was examined further by identifying the specific domains involved in the host ligand. In an ELISA using immobilized proteolytic fragments of fibronectin, LigA U bound about 20 to 40% more strongly to the isolated 45-kDa GBD of fibronectin than to the 30-kDa fibrin/heparin-binding NTD (e.g., the K d was 114 Ϯ 27 nM with the GBD versus 141 nM [range, 85 nM] with the NTD) ( Fig. 5A; Table 2 ). These estimated binding constants are comparable to that obtained with intact fibronectin (126 Ϯ 41 nM), indicating that binding to either domain can account for the interaction of LigA U with this host protein. The moderate preference for the GBD shown by LigA U differs from the known pronounced affinity of FnBPA for the NTD of fibronectin (in our assay, the K d was 63 nM with the NTD versus 177 nM with the GBD) (20, 21, 25, 26, 62) . LigA U interaction with the 70-kDa domain from which the F1 module-containing GBD and NTD are derived is also shown (K d , 149 nM; range, 23 nM). In contrast, there was FIG. 4 . LigA and LigB bind to extracellular matrix and plasma proteins. For each ligand, an ELISA was used to measure binding. After a 1-h incubation at 37°C, the bound recombinant protein was washed and detected with a monoclonal antibody to its histidine tag along with horseradish peroxidase conjugated to a goat antibody to mouse IgG. (A) Measurement of the abilities of the unique repeats of LigA U and LigB U, the shared repeats in Lig1-3, and LigB CTD to bind to 1 g immobilized fibronectin. The S. aureus FnBPA D repeats served as a positive reference. (B) LigA and LigB bind to fibrinogen. The abilities of the unique repeats of LigA U and LigB U and the shared repeats in Lig1-3 to bind to 1 g immobilized fibrinogen were measured. (C) LigA and LigB bind to collagen. The abilities of the unique repeats of LigA U and LigB U and the shared repeats in Lig1-3 to bind to 1 g immobilized collagen type I or IV were measured. Lig1-3 also did not bind collagen type IV. (D) LigA and LigB bind to laminin. The abilities of the unique repeats of LigA U and LigB U and the shared repeats in Lig1-3 to bind to 1 g immobilized laminin were measured. (E) LigA binds to biologically active matrix. The abilities of the unique repeats of LigA U and the shared repeats in Lig1-3 to bind to 100 g of Matrigel were measured. The S. aureus FnBPA D repeats were also tested. Fig. 5A ). LigB U1 and U2 bind both the GBD and the NTD of fibronectin with similar avidity. LigB U1 binds the two domains with apparent K d s of 72.8 Ϯ 16.4 nM and 77.0 Ϯ 8.3 nM, respectively, compared to 72.6 Ϯ 11.7 nM with intact fibronectin and 68.0 Ϯ 9.5 nM with the 70-kDa fragment, suggesting that interaction with either domain can also account for LigB U1-fibronectin binding ( Fig. 5B; Table 2 ). LigB U2 binds both isolated domains with less avidity than LigB U1 ( Fig. 5C ; Table  2 ). The estimated K d s, 222 nM (range, 16 nM) with the GBD and 199 Ϯ 52 nM with the NTD, are substantially greater than that obtained with intact fibronectin, 132 Ϯ 18 nM, suggesting that neither domain alone could account for LigB U2-fibronectin binding. However, the K d estimated for interaction with the 70-kDa fragment of fibronectin, 173 nM (range, 7 nM), is comparable to that obtained with intact fibronectin, suggesting that LigB U2 binding involves the F1 modules in both the NTD and the GBD.
LigA and LigB partially inhibit leptospiral adhesion to fibronectin. The results described above suggested that the osmotically inducible Lig proteins are adhesins that contribute to the increase in fibronectin binding observed with induced Leptospira. In a modification of the ELISA used for Fig. 2 to show spirochete adhesion to host proteins, fibronectin binding by Leptospira was measured after the immobilized fibronectin had been incubated with saturating amounts of recombinant Lig proteins (0.5 to 1 M) for 1 h at 37°C. Preincubation with the unique repeats of LigA partially inhibited leptospiral binding to fibronectin that was induced two-to threefold by increased osmolarity. In contrast, there was no significant effect on fibronectin binding by noninduced spirochetes (absorbance, 0.285 Ϯ 0.048 without Lig preincubation and 0.232 Ϯ 0.030 with Lig [n ϭ 3; P Ͼ 0.08]), suggesting that their adhesion is mediated primarily by a non-Lig MSCRAMM(s). On average, LigA U reduced the level of increased adhesion of induced cells by 28%, with a range of 17 to 39% for seven independent experiments, in which individual P values ranged from Ͻ 0.05 to Ͻ 0.01 by a Student t test comparing the means from triplicate or quadruplicate measurements. Figure 6 shows a representative example of the effect on Lig-mediated adhesion. In contrast, the shared repeats in Lig1-3 did not affect cell adhesion to fibronectin (data not shown). We examined whether the release of large amounts of LigA from osmotically induced cells might account for the incomplete inhibition obtained with prebound LigA U. Preincubation of fibronectin with either LigB U1 or U2 failed to produce greater interference with adhesion than preincubation with LigA U. LigB U1, but not LigB U2, blocked leptospiral binding 20 to 21% (P Ͻ 0.05). The incomplete inhibition of fibronectin binding indicates that LigA and LigB are not the only fibronectin-binding adhesins involved in the enhanced adhesion of osmotically induced Leptospira. FIG. 5 . LigA and LigB interact with the amino-terminal domains of fibronectin. An ELISA was used to identify the fibronectin domains involved in binding by the unique repeats in LigA U (A), LigB U1 (B), or LigB U2 (C). After a 1-h incubation at 37°C with 1 g immobilized proteolytic fragments of fibronectin that included either the GBD, the NTD, or the 70-kDa fragment containing both the GBD and the NTD, bound recombinant Lig protein was measured as for Fig. 4 . Lig1-3 did not bind any fibronectin fragments (shown for GBD in panel A). 
DISCUSSION
Adhesion is an essential first step in bacterial pathogenesis. Its management by both microorganism and host during infection is critical for successful bacterial colonization or clearance by the host. The bacterial surface proteins that mediate binding to the extracellular matrix in the host are known as MSCRAMMs (50) . Their surface exposure renders MSCRAMMs vulnerable to the host immune system and makes them important vaccine candidates. Among the best-studied adhesins in spirochetes are B. burgdorferi DbpA, DbpB, and BBK32, whose mechanisms for binding decorin or fibronectin, in vivo function in Lyme disease, and use in vaccines are being examined (4, 15, 29, 36, 37, (53) (54) (55) 61) .
In leptospirosis, the spirochetes initially migrate from contaminated water in the environment into the tissues of a mammal. We recently discovered that the change in osmolarity encountered during this transition causes a dramatic increase in expression of the two surface-exposed Lig proteins, LigA and LigB, in cultures of pathogenic strains of Leptospira (40) . An association of virulence with Lig expression is also suggested by diminished levels of Lig in nonpathogenic strains and pathogenic leptospires that have lost virulence after extensive subculturing in an artificial medium (39) . In Lyme disease, there is an analogous response by B. burgdorferi entering the environment of a mammalian host, where BBK32 expression is induced from a low level inside the gut of the tick vector (12, 36, 37, 45, 55, 64) .
Pathogenic leptospires are known to adhere to extracellular matrix proteins, such as fibronectin, collagen, and laminin (23) . We now show that the osmotic induction of Lig expression is accompanied by the enhanced binding of virulent spirochetes to fibronectin, collagen, laminin, and fibrinogen (Fig. 2) . Fibrinogen binding by Leptospira has not been reported previously. We anticipate that our findings here with the important human pathogen L. interrogans also apply to other pathogenic strains such as Leptospira kirschneri serovar Grippotyphosa strain RM52, where we have shown the osmotic induction of both Lig expression (40) and leptospiral adhesion to fibronectin (unpublished data).
The increased adhesion of leptospires in which Lig expression has been induced by physiological osmolarity and the structural similarity of LigA and LigB proteins to other adhesins suggested that the Lig proteins may function as MSCRAMMs. In testing recombinant proteins derived from Lig domains, we identified the immunoglobulin-like repeats that differ between LigA and LigB as the primary structures with activity in binding to fibronectin, collagen, laminin, and fibrinogen. We have thus established that the Lig proteins are osmotically inducible multifunctional Leptospira SCRAMMs (Fig. 4A to E) . The demonstration of LigA and LigB as fibrinogen-binding MSCRAMMs also provides an explanation for our finding that leptospires adhere to this plasma protein (Fig.  2) . LigA and LigB bind fibronectin and fibrinogen with higher avidity than collagen and laminin ( Fig. 4A and B) , which is consistent with the adhesion of osmotically induced leptospires being strongest with fibronectin and fibrinogen (Fig. 2) . The fibronectin and fibrinogen interactions are also about two to three times stronger with LigB U1 than with LigA U or LigB U2. LigB U2 differs from LigB U1 in that the former contains a larger portion of the nonrepetitive CTD. The role of the CTD in LigB remains unclear, but the data suggest a role for negative modulation of binding to host proteins (Fig. 4A to D) .
Fibrinogen binding has been reported for several MSCRAMMs with immunoglobulin-like repeats (9, 68) . However, the direct involvement of the LigA and LigB immunoglobulin-like repeats in fibronectin binding differs from the non-immunoglobulin-like binding domains utilized in the tandem ␤-zipper mechanism described for other fibronectin-binding proteins, including borrelial BBK32 (29, 54, 59, 60) . Thus, although LigA and LigB have structural similarities with other MSCRAMMs that bind the F1 repeat modules of fibronectin, the difference in the type of structural motif involved may reflect a divergence from previously described interactions of fibronectin-binding proteins with the five F1 modules in the NTD of fibronectin (20, 21, 25, 26, 54, 60, 62) . Another indication that fibronectin binding by the Lig proteins is unique comes from their binding to both the NTD and the GBD; the latter also contains F1 modules plus two F2 modules that are not present elsewhere in fibronectin (Fig. 5) (51) . By comparison, the D repeats from FnBPA bind the NTD about three times more strongly than they bind the adjacent GBD in fibronectin. Thus, the immunoglobulin-like repeats in the Lig proteins differ from other MSCRAMMs in their interaction with fibronectin. Additional examples of differences in fibronectin binding by spirochetes come from the 36-kDa protein in L. interrogans serovar Icterohaemorraghiae and Msp in T. denticola. The former binds the GBD and the latter the NTD (10, 43) .
The functional significance of the binding of the Lig proteins to specific domains of fibronectin and to a biologically active meshwork containing fibronectin is supported by the correlation between strong binding by recombinant Lig proteins and strong adherence by osmotically induced spirochetes ( Fig. 2  and 4 ). We confirmed a role for LigA and LigB in leptospiral binding by demonstrating inhibition of induced leptospiral adhesion to fibronectin by exogenous LigA U (Fig. 6) and LigB U1. The partial inhibition of leptospiral adhesion by recombinant Lig proteins suggests the presence of additional adhesins in Leptospira, which is consistent with the binding to host proteins by noninduced cells that express relatively small amounts of Lig ( Fig. 1 and 2 ) and the absence of an effect of exogenous Lig proteins on fibronectin binding by noninduced leptospires. The genomic sequencing of L. interrogans also reveals the presence of other possible MSCRAMMs (44) . It is possible that additional fibronectin-binding proteins also interact with the N-terminal region of fibronectin but with higher avidity than Lig. At least one other fibronectin-binding protein has been found in L. interrogans serovar Icterohaemorrhagiae, and it binds the GBD (43) . The deletion of the bbk32 gene leaves intact as much as half of the level of fibronectin binding observed with the parental isogenic wild-type strain, suggesting the presence of multiple fibronectin-binding proteins in B. burgdorferi (61) . Other examples of incomplete blocking of fibronectin binding in spirochetes are provided by recombinant Msp, which inhibits T. denticola adhesion by 40% at most (10) , and Tp0155 and Tp0483, each of which inhibits about 70% of T. pallidum binding (6) .
The multiple binding activities of the Lig proteins suggest that they may be involved during different stages of infection. (34, 49) . The regulation by osmotic change is consistent with an early role for the Lig proteins during infection. Exposure of leptospires to the osmolarity of bodily fluids in damaged epidermis or on mucous membranes would induce Lig expression, thereby promoting adhesion to fibronectin, fibrinogen, collagen, and laminin at the site of entry. A functional role for the Lig proteins early in infection by L. interrogans is also suggested by our recent microarray studies showing that Lig induction by a shift in culture temperature from 30°C to 37°C is followed by repression with prolonged incubation at 37°C (38) .
A substantial portion of LigA is released from the cell surface as a result of the induction of expression by physiological osmolarity (40) . The effect of LigA release on leptospiral adhesion and the fate of extracellular LigA are unknown. The release of LigA may promote leptospiral dissemination following attachment at the initial site of infection. This hypothesis is consistent with the lack of skin lesions, which distinguishes leptospirosis from Lyme disease and syphilis (19) . Similar roles in promoting colonization by Bordetella pertussis and Haemophilus influenzae, which also release the filamentous hemagglutinin and Hap adhesins, respectively, are proposed (8, 13) . However, extracellular LigA may have an entirely nonadhesin function, like that of another extracellular MSCRAMM in S. aureus, Efb, which binds fibrinogen, thereby inhibiting platelet aggregation (48) , which could otherwise interfere with bacterial dissemination. Efb also inhibits complement activation by binding C3b, thus promoting the survival of S. aureus during infection (33, 34) . These potential functions for extracellular LigA may also be in the repertoire of cellular LigB.
Leptospires are known to become decorated with fibronectin (7). In the bloodstream, Lig-mediated binding to plasma fibronectin may help the spirochetes to avoid the host immune system. However, neutrophils have been shown to attach to fibronectin-decorated L. interrogans via CR3, a neutrophil fibronectin receptor (7) . Thus, a likely function for fibronectin bound on the surface of leptospires is in adhesion to host cells during tissue colonization. The osmotic induction of both Lig expression and leptospiral adhesion to fibronectin and other host proteins suggests a basis for earlier reports of virulent Leptospira attachment to mammalian cells (1, 7, 63, 65, 67) . In addition to fibronectin, fibrinogen, collagen, laminin, and another extracellular matrix protein, vitronectin, all share the RGD recognition sequence for integrins, suggesting a potential mechanism for leptospiral adhesion to host cells (57) . Leptospire-host cell bridges could be constructed with matrix-protein or fibrinogen spans anchored by Lig and integrins on their respective cell surfaces.
The colonization of distal organs could be promoted by Lig binding to collagen type I in connective tissue and collagen type IV and laminin in basement membranes. For example, Leptospira in the circulation may gain access to the proximal tubule in the kidney via the glomerulus, where the basal lamina is exposed to the blood. Consistent with this notion is our recent finding of a high density of leptospires in the glomeruli of infected hamsters (41) .
In summary, the multifunctional Lig proteins not only confer advantages on Leptospira in initiating and establishing an infection but also make the spirochetes potentially more vulnerable to vaccine-mediated protection due to the possible involvement of Lig in multiple steps of pathogenesis that include the critical process of adhesion. If it can be confirmed that Lig expression is common among pathogenic leptospires, this would provide an additional rationale for studies on the efficacy of Lig-based vaccines and diagnostic tests. Antigens based on conserved proteins, such as OmpL1 and LipL41, protect hamsters from leptospirosis and could elicit broader protection against heterologous strains (18) . Effective protection by Lig vaccines has been demonstrated in two other animal models (31, 47) . Further identification of the Lig sequences required for interaction with the host will aid in vaccine development.
In concert with the protection by Lig vaccines demonstrated in animal models of leptospirosis, our findings here are consistent with the hypothesis that osmotic regulation of leptospiral attachment mediated by Lig binding to host matrix and plasma proteins is a vital part of pathogenesis. Additional studies with animal models will determine Lig expression at different stages of infection and Lig localization relative to extracellular matrix and host cells.
